In this study, steady-state mechanical power loss model of an automatic transmission gear train consisting of multiple stages of planetary gear sets is developed. Load dependent (mechanical) power losses at the internal (ring-planet) and external (sun-planet) gear meshes and planet bearing interfaces are included through elastohydrodynamic lubrication (EHL) based power loss formulations. At the end, efficiency of an 8-speed automatic transmission is studied under representative operating conditions to quantify the contribution of various loss mechanisms to the total loss under variable speed, load and temperature conditions. Impact of gear surface roughness amplitudes on the resultant power losses is also described.
Introduction
In a planetary gear set, friction induced mechanical power losses occur at all its rolling-sliding contacts. Such contacts consist of external and internal gear meshes (mostly helical) and planet bearings that are mostly cylindrical roller (caged or full-complement) bearings. Computation of these power loss components require detailed load distributions along the contact zones, and hence, the load carried by each contact interface, requiring a power flow formulation that incorporates the power losses as well. Here, such a power flow formulation will be combined with EHL based power loss models of gear meshes and planet bearings to predict mechanical losses of planetary gear trains of automatic transmissions Mechanical power loss models for gears and gear trains can be divided into two distinct categories, the first addresses the power losses in simple gear systems like a pair of gears in mesh or a single planetary gear stage. These models may utilize an empirical friction coefficient as reviewed in Martin (1978) or utilize physics-based models to calculate power losses (Xu et al. (2007) , Li and Kahraman (2010) , Li and Kahraman (2011) ). The second category of studies utilize a kinematics argument to obtain the power loss or efficiency in complex gear trains by utilizing an assumed gear mesh efficiency value for the individual meshes (Pennestri and Freudenstein (1993), del Castillo (2002) , Chen and Angeles (2011) ). Also, these models do not include losses of planet bearings while they have been shown to be a significant source of power loss (Talbot et al. (2012) ), nor have a mechanism to consider the load independent losses in the system. This study is aimed at developing a generalized power flow formulation to predict gear mesh and bearing loads with power losses included. EHL models of external and internal gear meshes and planet bearings will be combined with this power flow formulation to determine the mechanical power loss of a multi-stage planetary gear train.
While this paper is focused on multi-stage planetary gear trains consisting of multiple single-planet planetary stages, double-planet planetary stages can be easily included as well. The principles and formulations introduced in this study are easily extended to include double-planet planetary stages.
Generalized Power Flow Model
A power flow model that captures the mutual dependence of power flow and power losses is developed with the following fundamental assumptions.
(i) Power loss does not cause any change in kinematics or direction of power flow in the system, and (ii) components of power loss can be converted to equivalent loss torques to be applied to one or more elements.
This power flow model uses three distinct steps for the computation of power flow: (i) a complete solution of the kinematics, (ii) calculation of power flow in the absence of power loss, and (iii) an iterative procedure to recalculate the power flow with the addition of power losses by treating the gear train as a multi-body system and establishing torsional equilibrium conditions. The immediate parameters required for this power flow model are tooth counts, number of planet branches and the kinematic configuration of the system. Detailed component level design information is also needed for the power loss models being employed here. 
Global Planetary Kinematics Formulation
where ω is the absolute angular velocity, the subscripts s, p, c and r denote sun, planet, carrier and ring, and superscript m denotes the planetary gear stage. Equation (1) can be written in compact form as
and extended to a z-stage planetary gear train as
The additional 2z equations required for the solution of kinematics come from the configuration information of the connections between the components, inputs, outputs and fixed members. The configuration of a planetary gear train is determined by sets of connections (C), inputs (I), outputs (O), fixed members (F), and unconnected members (UC). Each consists of elements im, where i represents the component (s, p, c, r) and m denotes the planetary stage.
• For fixed member im in the set F, one sets ω 0 = for a member im that is assigned an input or output duty. Appending equations defined by sets I, O, F and C to Eq. (2), the global kinematics matrix is given as
which is solved for the unknown vector of component speeds G ω , given vector of known (input) speeds ˆG ω .
Global Planetary Torque Balance Formulation
Consider each stage of the planetary gear train as a multi-body system as shown in Fig. 1 . Torque equilibrium equations for stage m are written in matrix form as Janakiraman, Kahraman and Talbot, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) 
the global torque balance matrix of a z-stage gear train becomes
An additional 2z equations required for the solution of torques are provided by sets of C, I, O and UC:
• For each unconnected element im of set UC, one writes:
• For each connection set in C, an equation can be written. For example, a set with three connected elements imjn-kp yields:
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• More than one member may be connected to the input or output. That is, a connected pair or a chain of connected pairs can be connected to the input or output, which must be captured by its torque balance equation. For instance, for a connected pair im-jn that is connected to the input or output whose torque is known:
(8c)
In this study, the output torque O T will be user-defined. Combining all the above equations for connections, inputs, outputs and unconnected components with Eq. (7), one obtains the matrix equation
where G T is the vector of external torques on the components and mesh torques and ˆG T defines the known (input or output) torques and the loss torques on the components.
In this formulation, power loss components computed must be converted to equivalent loss torques to be applied on one or more elements such that they can be included in Eq. (9) is the relative angular velocity of a planet of planetary stage m with respect to its carrier. Any gear mesh power loss is converted to a loss torque to be applied on the driving gear (driving when viewed in the carrier frame of that stage). If the driving gear is fixed in the ground/reference frame, the loss torque is then applied to the driven member of the mesh. If the component on which the loss torque is to be applied is a central member ( 
Iterative Power Flow Computation Methodology
The power flow in the gear train impacts the power losses that occur in the gear train through the gear mesh and bearing forces. Power losses in turn affect the power flow in the gear train. For example, at a given output power, when power losses are included the input power has to increase thus changing power flow. In order to capture this mutual dependence, an iterative computational procedure is utilized. The following steps are applied for this:
(i) Calculate gear train kinematics and torque balance, first assuming there is no power loss in the drive train, i.e. Eq. (9) is solved with ˆG T containing only no loss torque such that ( , , ,
(ii) Calculate power loss components using analytical models with component speeds and no-loss torques from step (i). Convert these power loss components to loss torques using the procedure of previous section. (iii) Apply the calculated loss torques to Eq. (9) and recalculate torques G T applied to the components. (iv) With these new component torques G T , recalculate the gear mesh and bearing power loss components and the loss torques to solve for an updated G T . Compare this G T to that of previous iteration to check for convergence. If converged (i.e.
where T ε is a user-defined torque error Janakiraman, Kahraman and Talbot, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) threshold), stop the algorithm; else go back to step (iii) for another iteration. With the converged steady-state power flow solution in hand, the steady-state mechanical power loss L P of the drive train at a speed and torque state are defined as
This iterative procedure converges naturally due to the monotonic nature of power loss for a given output power. At a given output power, when power losses are included, the input power is increased. This increased input power in turn causes a rise in power losses and so on. In other words, with every successive iteration in the algorithm the power loss is increased albeit in smaller steps.
Mechanical Power Loss Models 2.4.1 Gear Mesh Mechanical Power Loss Model
Gear mesh power losses are predicted by using a mixed EHL formulation, which provides sliding and rolling components along the tooth surface interfaces. Li and Kahraman (2010) used considered spur and helical gear pairs as thin slices of spur gears and employed a line contact, rough surface, mixed-EHL model that follows the contact from the start of active profile to the tip of the driving gear tooth. The changes in the normal load were captured via a gear load distribution model while the changes in rolling and sliding velocities were calculated by using the involute geometry. As this method is rather computationally demanding, an alternate method of developing closed-form friction formulae up front by regression of a larger number of EHL analyses covering proper ranges of contact parameter for gears (Xu et al. (2007) , Li and Kahraman (2011) ). The same approach was used by Talbot and Kahraman (2014) which was shown to agree with their earlier experiments (Talbot et al. (2012) ) well. The same approach will be adapted here. 
Here κλ μ is the sliding friction coefficient defined for a typical automatic transmission fluid in the manner of Li and Kahraman (2011) 
Here, r u is the rolling velocity, eq ℜ is the equivalent radius of curvature, eq E is the equivalent Young's modulus, Janakiraman, Kahraman and Talbot, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) α is the pressure-viscosity coefficient, 0 η is the ambient dynamic viscosity, 0 τ is the Eyring stress, 
Note that when the gear mesh power loss for say a sun-planet mesh is to be applied to the sun, then it includes the power losses of all sun-planet meshes in that stage. If it is to be applied to the planet, then only the power loss in one sunplanet mesh is used in Eq. (11b).
Bearing Power Loss Model
Bearing mechanical power losses are calculated using the model of Talbot et al. (2013) . First planet bearing forces and moments from the power flow calculation are used to predict the load distribution along the rolling elements of the bearing. Similar to the gear mesh mechanical loss model, a line contact EHL model can be used to calculate the power loss in each discretized segment κ ( 
An Example Analysis
An example planetary drive train from a rear-wheel-drive automatic transmission (Scherer et al. (2009) ), shown in Fig. 2 , is analyzed in this section for its mechanical power losses. As detailed gear set design information was not available, representative designs of gear meshes and planet bearings were carried out to define them as listed in Tables 1  and 2 . Bearing contact surfaces were assumed to have roughnesses of 0.1 q R = μm, while the baseline gear surface roughnesses were taken to be 0.5 q R = μm, representative of hard ground surfaces. The lubricant (automatic transmission fluid) inlet temperature was 90°C. The 6th gear range (G6) is not included in this analysis since it is a direct drive. Janakiraman, Kahraman and Talbot, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) Fig 3: Power loss maps of all forward gears (except 6).
Janakiraman, Kahraman and Talbot, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) All gear meshes and bearings of the gear train are simulated within each gear range to obtain baseline power loss maps within the input speed and input torque within the ranges of Figure 3 shows baseline mechanical power loss maps for all forward gears (except G6 direct drive). In line with measurements Talbot et al. (2012) and predictions of Talbot and Kahraman (2013) for a single stage planetary gear set, the mechanical power loss maps at each gear range exhibit a nearly linear relationship with the torque and speed where the deviations from linearity is originated from the effect of load (normal force) and speed (rolling and sliding velocities) on the lubricated gear and bearing contacts as depicted in Eq. (15, 17, 20) . Power loss in G2 is the largest in comparison to the other gear ranges while G7 yielding the minimum power loss values. In each gear range, the maximum power loss is observed at the maximum speed and toque (maximum power input) condition of ( ) 
Janakiraman, Kahraman and Talbot, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) Figure 4(a) shows the comparison of total mechanical power loss in all gear ratios (G1 to G8) and the contribution from each planetary gear stage of the planetary gear train at the operating condition of ( ) ( ) , ω 150, 2250
Total mechanical power loss is largest in gear 2 and smallest in gear 7 with 465 W and 129 W, respectively. It is noted here that only one stage is loaded in G1 and G8, there are two loaded stages in G2, G3, G4 and G7 while all four stages are loaded in G5. Although, only one stage is loaded in G1 and G8, G8 has lower power losses as the mesh entraining velocity is greater in the case of G8 compared to G1 due to the kinematic configuration. This leads to a thicker lubricant film thereby causing reduced asperity interactions and hence reduced power loss. G2 has the highest power loss and G7 the least even though only 2 stages are the sources of power loss in both. This is because the magnitude of power flow through the meshes is higher in G2. Also note that mesh entraining velocities are the least in stage 4 (particularly external mesh) in general, this leads to increased power loss due to increased asperity interactions which is the consequence of a thin fluid film. In G5, all stages contribute to power loss but the mesh power is very small in stage 3 and stage 4 and the entraining velocity is quite high in stage 1 and stage 2, this combination reduces the resulting total loss. In Fig. 4(b) , contributions from gear meshes and bearings are compared. Bearing power losses are between 1/5 and 1/3 of the total power loss, indicating that the models neglecting bearing losses would be inaccurate. In Fig. 4(c) , external gear meshes are seen to contribute more to power loss than internal gear meshes in lower gear ranges while they are more balanced in higher gear ratios. 
Janakiraman, Kahraman and Talbot, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) Fig 6: (a) Gear surface roughness on mesh power loss and (b) Power loss in baseline vs superfinished suns vs superfinished planets. Figure 5 shows the effect of lubricant temperature on the mechanical power losses of the gear train. Two oil temperatures considered here 40°C and 90°C correspond to 30.6 and 8.0 cSt oil viscosities. In Fig. 5(a) , the total losses at these two temperatures are almost the same. This has to do with the way oil viscosity impacts gear and bearing losses. In Fig. 5(b) , gear mesh loss is reduced by reducing the oil temperature. Increased viscosity increases the EHL film thickness, in the process reducing the asperity contact of rough gear surfaces and hence the sliding friction coefficient governed by Eq. (15a). While some of these improvements are offset by the increase in rolling losses according to Eq. (17) , there is still a net reduction in gear power losses at 40°C. Meanwhile, bearing losses increase consistently at lower temperatures since the rolling losses defined by Eq. (20a) are increased. Figure 6 (a) presents a comparison of mesh power losses at three different gear surface roughness levels of 0.50 q R = , 0.25 and 0.10 μm. The roughest surface represents ground surfaces while 0.25 q R = μm is intended for honed or grind-polished surfaces. The smoothed gear surfaces are representative of chemically polished (superfinished) surfaces. Power losses are reduced to about one-third by superfinishing all gear tooth surfaces. If superfinishing is applied selectively to the sun gears, the combined roughness of the external meshes are reduced to lower the mesh power loss by about 15% as shown in Fig. 6(b) while superfinishing all planets impacts the composite roughnesses of both external and internal meshes, in the process reducing the power losses by about 30%.
Conclusions
This study proposed a physics-based methodology to predict the mechanical power losses of multi-stage planetary gear trains of automatic transmissions. While the method is capable of capturing both load dependent and load independent losses, this study was focused on the mechanical losses only. The methodology is capable of predicting the power losses in bearing and gear meshes using an EHL-based formulation such that effects associated with operating conditions, lubricant parameters and surface finish conditions can be included. The two-way relationship between power losses and the resultant power flow conditions was captured through an iterative process. Parametric studies on an example 8-speed transmission were presented to show the sensitivity of the model to parameters dictating lubricated contacts of gears and bearings of a planetary gear train. 
